The application of nanomaterials for biosensors and fuel cells is becoming more common, but it requires an understanding of the relationship between the structure and electrochemical characteristics of the materials at the nanoscale. Herein, we report the development of scanning electrochemical microscopyatomic force microscopy (SECM-AFM) nanoprobes for collecting spatially resolved data regarding the electrochemical activity of nanomaterials such as carbon nanotube (CNT) networks. The fabrication of the nanoprobe begins with the integration of a CNT-bundle wire into a conventional AFM probe followed by the deposition of an insulating layer and cutting of the probe end. In addition, a protrusive insulating tip is integrated at the end of the insulated CNT-bundle wire to maintain a constant distance between the nanoelectrode and the substrate; this yields an L-shaped nanoprobe. The resulting nanoprobes produced well-fitted maps of faradaic current data with less than 300 nm spatial resolution and topographical images of CNT networks owing to the small effective distance (of the order of tens of nanometers) between the electrode and the substrate. Electrochemical imaging using the L-shaped nanoprobe revealed that the electrochemical activity of the CNT network is not homogeneous and provided further understanding of the relationship between the topography and electrochemical characteristics of CNT networks.
Introduction
Nanoscale catalytic properties are still being explored in a wide range of fields. Understanding the relationship between the microstructures of nanomaterials and spatially resolved catalytic/chemical activity at the nanoscale is fundamental to the design of heterogeneous nanostructure systems. [1] [2] [3] [4] [5] However, the catalytic/chemical properties of nanomaterials are commonly analyzed in the bulk state and there exist technical limitations that prevent the direct mapping of the topography and catalytic activity. Scanning electrochemical microscopy (SECM), which was developed by Bard, 6 was used to identify local redox events that occur at the ultramicroelectrode on the sample surface. 7 However, it lacks reliable tip-to-sample distance control, which limits the spatial resolution of the current plots and increases the chance of collecting the mixed information of electrochemical activity based current data and erroneous current change data caused by unstable tip-to-sample distance control. Recently, the resolution of electrochemical imaging in SECM has been improved to ∼10 nm by using a nanopipette electrode; this method was applied to image nanoporous membranes. 8 However, in the electrochemical current signal, mixed information regarding the local activity and the tip-to-sample distance remains an issue. Diverse approaches, including shear force, 9 intermittent contact (IC)-SECM, 10 combined SECM-scanning ion conductance microscopy (SICM), 11 and SECM-AFM, [12] [13] [14] [15] have been applied to enable fine distance control of electrochemical scanning probes. Recently, double-barrel carbon nanoprobes (DBCNPs) were developed for combined SECM-SICM and were used for simultaneous topographical and electrochemical imaging of a variety of substrates such as microelectrodes, nanoporous membranes, and PC12 cells. 16 In addition, scanning electrochemical cell microscopy (SECCM) with a configuration similar to the DBCNPs was used to image 2D carbon nanotube (CNT) networks and graphene electrodes. 17, 18 Using the SECCM tip, the number of graphene layers and electron transfer activity were correlated by mapping the electrochemical current and optical image. In the SECCM analysis of CNT networks, the sidewalls and the closed ends of CNTs showed similar activities, which conflicts with the results of previous studies. 19 Güell 17 reported that the faradaic current at nanotube junctions was slightly higher than that at individual single-wall nanotubes (SWNTs); however, this conclusion was based on a statistical analysis of the electrochemical current images of CNTs and corresponding AFM topological images. Although this approach is innovative, its ability for the direct mapping of structures and electron transfer rates at the nanoscale is still limited. In contrast, SECM-AFM is a versatile analytical technique that enables the visualization and quantification of local electrochemical activities as well as an analysis of the topography of the sample that is completely independent of the electrochemical current. This dual functionality is enabled by special probe geometries that ensure a fixed electrode-to-tip distance or accurate control of the tip-to-sample distance. SECM-AFM has been used to study the local electrochemical activity of various substrates, enzyme activity, [20] [21] [22] and membrane ion transport. 8, 23, 24 Furthermore, SECM-AFM probes with nanoelectrodes have been developed to improve the electrochemical resolution; 12, 13, 15, [25] [26] [27] [28] [29] [30] however, the application of high-resolution SECM-AFMs with disk-type nanoelectrodes is limited to the characterization of probes using the "lift-up" mode to avoid short circuiting. 27, 30 In the lift-up mode, the probe tip is lifted from the substrate by a predefined distance to collect electrochemical data while tracing the surface topography recorded in the previous surface scan during which the probe was in contact with the surface. To obtain meaningful electrochemical data using SECM, the electrode should be located within several radii of the electrode from the substrate. Therefore, precise control of the tip-to-sample distance at the nanometer scale is essential for an SECM-AFM probe that features a nanoelectrode integrated at the tip apex that requires the liftup mode. There have been some studies of special probes for SECM-AFM in order to avoid the lift-up mode and keep the distance constant between the electrode of the probe and the sample surface. [12] [13] [14] 20, 21, 29, 31 Davoodi et al. primarily demonstrated an L-shaped microelectrode for SECM-AFM with the lift-up mode. 32, 33 The probe was integrated with a 2-5 μm diameter Pt electrode and was capable of distinguishing two active sites separated by 3-4 μm or larger.
In this study, we manufactured an L-shaped nanoprobe, which contains a protrusive peak at a disk-type tip plateau. For a high spatial electrochemical resolution, a disk-shaped CNT nanoelectrode (300 nm diameter) was integrated into the end of a commercial AFM probe tip using a sequence of processes: CNT-bundle wire synthesis, conformal insulating layer coating, and multiple focused ion-beam (FIB) milling processes. The FIB milling processes expose the disk-shaped nanoelectrode at the tip apex and pattern the insulating protrusive peak resulting in the formation of an L-shaped tip as shown in Fig. 1c . Because of its geometry, the present nanoprobe has three advantages over plain disk-type nanoprobes without the protrusive peak: first, it has a sharper tip apex than the disk-type nanoprobes, thereby ensuring relatively higher resolution topographical imaging. Second, the protrusive peak apex can prevent the electrical short problem between the electrode and conductive sample surfaces during surface scanning. Last, the nanoprobe can reduce the distance between the electrode and the sample surface to tens of nanometer, so the recycling effect enhances the electrochemical current. The L-shaped probe with a 300 nm diameter electrode facilitated simultaneous topography and electrochemical current imaging of CNT networks, thereby enabling a 300 nm spatial resolution in the imaging of the local electrochemical activity.
Experimental

Probe fabrication
The SECM-AFM nanoprobe was fabricated by integrating a CNT-bundle wire onto a conventional AFM probe (ElectriCont-G; BudgetSensors, Sofia, Bulgaria; resonance frequency = 13 kHz, force constant = 0.2 N m −1
, double-sided Cr/Pt coating). In this experiment, SWNTs, which were manufactured using an arc discharge process, were purchased from Hanwha Nanotech (Incheon, Korea). A SWNT suspension was prepared by sonicating 10 mg of SWNTs in 100 mL of H 2 SO 4 -HNO 3 (3 : 1) for 2 h followed by centrifugation at 12 000 rpm for 10 min and two successive rinsing steps with deionized water. A CNT-bundle wire was integrated on the AFM tip apex through dielectrophoresis and surface suspension, as described in a previous study. 34 The CNT-bundle wire, which comprises a tangle of multiple SWNTs as shown in Fig. S1a and b in the ESI, † acts as an electrode in the SECM-AFM nanoprobe. During the dielectrophoresis (DEP)-based CNTbundle wire formation process, a tight mechanical and electric contact is formed between the CNTs and the metal surface of the AFM probe without an additional bonding process. The diameter of the CNT-bundle wire is scalable from 50 nm to 1 µm by controlling the DEP processing conditions such as electric potential frequency and amplitude. In this study, CNT bundle wires with 300-400 nm diameters were integrated into SECM-AFM nanoprobes (Fig. S1c †) . After integrating the CNT bundle wire onto the tip apex, the AFM probe was electrically connected to an electrical signal line using silver epoxy. Then the AFM probe connected with the signal line was cured at 110°C for 50 min. Then, a 300-400 nm thick parylene-C (Dichlorodi-p-xylylene, Daisan Kasei Co., Tokyo, Japan) insulation layer was deposited on the AFM probe (Parylene coater; Alphaplus Co., Pohang, South Korea). Finally, the tip geometry of the L-shaped nanoprobe was defined by cutting the parylene-C-coated CNT-bundle wire via FIB milling (Quanta 3D FEG, FEI company, USA); this process also exposed a disk-shaped CNT nanoelectrode (Fig. 1c) . The ion-beam current was limited to <50 pA to avoid the formation of debris at the cutting area that would hinder clear exposure of the CNT electrode. The protrusive peaks of the L-shaped nanoprobes had a diameter of 300-400 nm and a height of 300-400 nm.
CNT network
A pair of microsized 1000/100 Å thick gold/chrome band electrodes separated by a 50 μm gap was patterned using a lift-off process. The SWNT suspension (i.e., the same solution used for the formation of the CNT-bundle wire) was then dropped between the two parallel gold electrodes and an AC potential of 1 MHz, 1 V p-p , was applied to the electrodes thereby forming a randomly distributed CNT network by DEP force. The DEP force primarily forced metallic CNT or metallic CNT bundles to assemble between the pair of electrodes instead of semiconducting CNTs. 35 Finally, the remaining CNT suspension droplets were removed to leave a CNT network between the electrodes. These CNT-gold electrodes were used as counter electrodes in the electrochemical experiments using the L-shaped SECM-AFM probes. The large surface area of the gold electrodes enables fast electron flow during a half-cell reaction.
SECM-AFM system set-up
A conventional AFM instrument (SPA 400; Seiko, Tokyo, Japan) installed inside a shielded cage was used for the SECM-AFM measurements. All electrochemical measurements were performed using a Modulab potentiostat (Solartron Analytical, Farnborough, Hampshire, U.K.). The faradaic current signal from the potentiostat was converted into a voltage signal and then transmitted to the AFM machine for synchronized dual imaging of the surface topography and electrochemical activity of the sample surface. The electrochemical data were measured using a three-electrode cell system comprising a CNT-gold electrode as the counter electrode, a platinum wire as the reference electrode, and an AFM cantilever as the working electrode. All electrochemical experiments were performed in 20 mM K 3 Fe(CN) 6 solution with 0.5 M KCl.
Results and discussion
The electrochemical behavior of the CNT nanoelectrodes and the parylene-C insulating layer quality were characterized using cyclic voltammetry in 20 mM K 3 Fe(CN) 6 with 0.5 M KCl electrolyte solution, as shown in Fig. 2 . No significant redox peak was observed in the cyclic voltammogram from the nanoprobe of which the electrode was not exposed using FIB. This result confirms that the nanoprobe was well-insulated by the parylene-C layer (inset image of Fig. 2 ). After FIB processing, the nanoprobe electrode showed clear reduction and oxidation peaks in the cyclic voltammogram. For disk-shaped electrodes, the diffusion-limited current is described as:
where n is the number of electrons transferred per reaction, F is the Faraday constant, r is the radius of the electrode, D is the diffusion coefficient, and c is the bulk concentration of the electroactive species. 30 The diameter of the electrode of the L-shaped nanoprobe was approximately 300 nm (Fig. 1c) ; therefore, the expected diffusion-limited current is about 1 nA. . Fig. 2 shows that the diffusion-limited current of the L-shaped nanoprobes is about 450 pA, which is approximately half of the theoretically expected current. It is inferred that this disagreement originates from a difference between the effective electrode area and the structural electrode area. Even with tight control of the FIB milling process, the formation of some parylene-C debris is inevitable. 28 Moreover, the CNT wires are not always as perfectly packed as shown in the TEM image in Fig. S1b ; † therefore, the effective electrode area can be smaller than the overall CNT-bundle wire size. The other potential cause of the unexpectedly low diffusion-limited current is the close proximity of the protrusive parylene-C peak to the electrode, which hinders the diffusion of the redox species to the electrode. Randomly distributed 2D CNT networks are widely used for protein sensors, gas sensors, fuel-cell devices, and fundamental studies on the characterization of CNTs. 36 In this study, a CNT network was constructed on a SiO 2 -coated silicon wafer using dielectrophoresis. The CNT network consists of CNT bundles that range between 100 and 300 nm wide and 50-60 nm high, as determined via FESEM (Fig. 3b) and AFM (not shown here). In the SECM-AFM experiment, the network of CNTs, which was connected to gold band electrodes (Fig. 3a) , was imaged to concurrently map the topographical and electrochemical current (EC) images using the L-shaped nanoprobe.
Using the L-shaped nanoprobe, topographical and EC images of CNT networks in 20 mM K 3 Fe(CN) 6 and 0.5 M KCl electrolyte were simultaneously collected using the AFM contact mode. The small distance between the electrode and the surface, which is determined by the protrusive peak height, ensures high spatial resolution for electrochemical imaging as well as stable electrochemical data collection during a single surface scan; this reduces the total scanning time by half compared to the "lift-up" mode. Topographical and EC images of 8 μm × 8 μm areas of the CNT network were successfully collected without any short circuiting problem even in the contact mode because of the fixed distance between the protrusive peak and the electrode surface of the L-shaped nanoprobe. In the EC image, the output current signal, which was obtained using a potentiostat, was an analog signal with electrical noise primarily at 60 Hz. These sinusoidal noises were successfully filtered using a fast Fourier-transform filter.
In topographical imaging, spatial resolution mainly depends on the size of the protrusive peak. The topographical images of the CNT network obtained from the L-shaped probe reveal that the CNT wire width ranges from 170 to 500 nm; these values are greater than those obtained using a conventional AFM probe. This disagreement is caused by the probe convolution effect, which is a result of the relatively large tip radius.
In the topographical images of the CNT network (Fig. 3c ) obtained using the L-shaped nanoprobe, two duplicate profiles from a single CNT wire are repeated along a line that is tilted in a specific direction (Fig. S2d †) . The duplicate topographical profiles originate from the presence of two contacts between the nanoprobe tip and substrate owing to the small vertical spacing between the protrusive peak and the edge of the disk plateau, which is denoted by Z shift in Fig. 4a As the contactmode scanning proceeds, an additional contact with the substrate at the edge of the disk plateau occurs subsequent to the first contact between the protrusive peak and the substrate. These two successive contacts induce an ∼700 nm shift on the XY plane and a 15 nm shift in the z-direction in the second topographical profile. This effect can be more clearly demonstrated in a frequency domain: black line patterns repeated in parallel were observed in the frequency response of the topographical image from the L-shaped nanoprobes (Fig. S2d and S3c †). Generally, images with noise from 1D motion show repeated parallel lines in the frequency response, and the direction of motion is the same as that of a line perpendicular to the repeated parallel lines. 35 In this case, the repeated lines of the frequency response were tilted 54°from the AFM scan direction; this direction coincides with the relative position of the edge of the disk plateau that produces the second profile from the protrusive peak. No repeated pattern was evident in the frequency response of the current image (Fig. S2e †) , which corresponds well with the single profile of the current image shown in Fig. 3d . During scanning, a −0.1 V bias was applied to the nanoprobe electrode versus the platinum wire reference electrode. The distance between the nanoelectrode and the sample surface, d eff , is maintained as the probe tip scans along the flat sample surface and climbs the CNT sidewall. However, d eff is reduced once the protrusive peak steps down from the CNT and the second contact between the edge of the disk plateau and the CNT occurs, as delineated in Fig. 4a . These two dis- crete electrode-to-sample-surface distances can be used to explain the single CNT profile in the EC image. In the AFM topographical image, the peak height of the second profile of the CNTs is 15 nm lower than that of the first profile (Fig. 4b) , which indicates a shorter d eff in the second profile. Between the proximate nanoelectrode and conductive CNT surface, the reduced species, i.e., [Fe(CN) 6 ] 4− , generated at the probe electrode diffuse to the CNT surface and become oxidized; the oxidized species then diffuse back to the electrode surface. This recycling reaction is called the positive feedback effect and occurs more efficiently as the electrode to surface distance decreases. Accordingly, the redox current increased in the second profile of the CNT because of the enhanced positive feedback effect due to reduced diffusion distance (Fig. 4c) . The current signal level of the second profile of the CNT network was in the hundreds of picoamperes range while the current level of the first profile was too low to be distinguished from the background current; these results are shown in the two boxes of Fig. 3c and d . In the electrochemical current image (Fig. 3d) , only a single strand-type CNT profile is evident, whereas duplicate strand-type CNT profiles occur in the topographic image. The CNT widths in the EC image are similar to or slightly smaller than the CNT sizes shown via topography; this indicates that the positive feedback effect is enhanced significantly only when the nanoelectrode is located very close to the CNT surface.
Moreover, step-like gold electrodes were imaged to quantify the spatial resolutions of the topographical and electrochemical current (EC) images, as shown in ESI Fig. S4 . † 37 The EC spatial resolution was as high as the topological resolution (∼300 nm). CNTs are known to be electrochemically active at the end sites and less active at the sidewalls of the nanotubes in bulk experiments. 19 However, recent experimental results using a nanopipette electrochemical cell revealed that both the sidewalls and ends of CNTs exhibited a fast electrochemical electron transfer rate. 19 In the electrochemical current image of the CNT network measured using the L-shaped probe ( Fig. 3d and 5b ), the electrochemical current was amplified when the distance between the nanoelectrode and CNT surface was minimized at the second contact. The current signal increment is due to the redox cycling effect when the electrode-to-sample distance becomes very small. Almost all the CNT components, including the junctions and individual CNT wires, show active and heterogeneous electrochemical behaviors at both the longitudinal sidewalls and end sites.
It is inferred that the local heterogeneity of the electrochemical characteristics of CNTs is caused by either local or overall defects on the nanotubes because of the fluctuations in the synthetic conditions, contamination by impurities, or heterogeneous composition, i.e., including both semiconducting and metallic CNTs. CNTs are typically classified as either semiconducting or metallic nanotubes depending on their electron transfer rates, which are based on the structure and the arrangement of the angles of the carbon sheet. CNT networks constructed using DEP mainly comprise metallic CNTs; however, some semiconducting CNTs can be present in the CNT network owing to imperfect DEP-based filtration. In addition, it has been reported that even small mechanical perturbations (e.g., bent or kinked CNTs) can change the electrical conductivity of the CNT from metallic to semiconducting owing to electrostatic gating. 38 The electrical bias on the nanoelectrode of the L-shaped probe tip during the electrochemical current measurement could induce local gating on the metallic CNTs resulting in the heterogeneous electrochemical activity of the CNTs. The electrochemical current signal distri- bution is also influenced by the electrical conductivity through the CNT junctions. It has been reported that the junctions and alignment of the CNT network significantly influence the electrical conductivity of electronic nanodevices based on CNTs. 3, 38 In Fig. 5 the right bottom area of the CNT network does not show a significant reduction current signal. This phenomenon is clearly evident at the CNT segments that are indicated with arrows in Fig. 5 . On the upper portion of the CNT network in Fig. 5 , the CNTs are connected to a micrometer-sized gold counter electrode towards which electrons from the oxidation events at the CNT surfaces flow. Therefore, the segments and parts of the CNT network that are not electrically connected to the gold electrode show little or no electrochemical activity because the isolated CNT network is as small as the CNT nanoprobe and bipolar behavior in the CNT network is not significant. 39 
Conclusion
In summary, a novel L-shaped SECM-AFM nanoprobe was fabricated to collect the spatially resolved electrochemical activity data and corresponding topography of nanomaterials. The nanoprobe was integrated with a CNT nanoelectrode and a protrusive peak that maintains a short distance between the electrode and substrate, thereby enhancing the redox current and avoiding short-circuit problems. A single surface scan measurement achieved simultaneous topography imaging and electrochemical current mapping of a CNT network with a spatial resolution of 300 nm for the electrochemical activity. Mapping of the topography and EC image of the CNT networks revealed heterogeneous redox reactions occurring on the overall CNT network including the single wires and CNT junction points. The small protrusive peak and the disk plateau of the L-shaped nanoprobe caused duplicate profiles of the CNTs; this interference can be reduced by trimming the edge of the disk plateau where the second contact occurs. In addition, the spatial resolution of the topographical image is expected to improve by sharpening the protrusive peak apex through additional FIB milling processes. Despite some limitations of the L-shaped nanoprobe, SECM-AFM scanning using the nanoprobe achieved successful visualization and mapping of the structure and the local electrochemical activity of the nanocomposite samples; this provided data on the electrochemical characteristics of the nanomaterials at the nanoscale and the effect of the network structure on the local electrochemical activity of nanomaterials.
